Summary We compared bark proteins from four contrasting (blister rust-resistant versus susceptible) half-sib seedling pairs of western white pine (Pinus monticola D. Don). Pooled proteins from resistant and susceptible groups (four trees per group) were separated by two-dimensional gel electrophoresis, silver stained, and analyzed with the aid of a laser scanner interfaced with a computerized gel documentation system.
Introduction
Western white pine (Pinus monticola D. Don) is a commercially important, fast-growing pioneer species that is widely distributed throughout the Pacific Northwest and California (Flora of North America Editorial Committee 1993). The high stumpage value of this conifer along with its ability to tolerate laminated root rot disease caused by Phellinus weirii (Murr.) Gilb., make it an attractive candidate for utilization in reforestation (Theis and Sturrock 1995) . However, the high susceptibility of P. monticola to the white pine blister rust, Cronartium ribicola J.C. Fisch., has necessitated the development of several rust-resistant white pine programs (Bingham et al. 1971 , Hoff and McDonald 1980 , Hunt 1990 .
Blister rust-resistance mechanisms have been identified in both needle and bark tissues of P. monticola (Hoff and McDonald 1980) . Although little is known about the physiological or biochemical nature of blister rust-resistance mechanisms, it has been shown that the delayed onset, bark-specific mechanism known as 'slow canker growth' is associated with longer field survival of infected seedlings. This mechanism has a heritability value of 0.21--0.46, making the phenotype attractive to tree breeders (Hoff and McDonald 1980) .
Over the last 10--15 years, there have been many studies on pathogenesis-related (PR) proteins and their role in plant defense (Collinge and Slusarenko 1987 , Bol and Linthorst 1990 , Kolesnik 1991 , Linthorst 1991 . Recent studies have demonstrated wound-inducible chitinase genes in poplar (Populus) (Davis et al. 1991) , and investigations of Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst.) have shown that some proteins are induced in response to abiotic stress----a finding that is consistent with the well characterized responses to abiotic stresses observed in agricultural plants (Sandermann et al. 1989) . General comparative studies of conifer bark proteins are sparse, probably because of the difficulties inherent in working with conifer tissue (Ekramoddoullah 1991 (Ekramoddoullah , 1993 . Nonetheless, correlation of specific bark proteins with a disease-related phenotype could lead to the possible development of molecular markers for early screening programs, before visible symptoms have developed. Furthermore, characterization of such proteins would advance our understanding of their possible role in conifer defense. Therefore, the objective of this study was to determine whether specific bark proteins are correlated with 'slow canker growth' resistance in western white pine.
Materials and methods

Bark samples
A slow canker growth reaction known as ''no swelling'' (R.S. Hunt, Canadian Forest Service, Victoria, B.C., unpublished results) was selected as the resistance phenotype for this study. In November 1992, bark samples were collected from 7-yearold seedling pairs growing in an established progeny test site in Saanichton, B.C. Contrasting pairs (resistant and susceptible phenotypes) were selected from four open-pollinated families (Seedlots 2391 (Seedlots , 2398 (Seedlots , 2411 (Seedlots , and 2413 . Eight individuals were sampled. From each individual, bark (epidermis, Analysis of bark proteins in blister rust-resistant and susceptible western white pine (Pinus monticola) periderm, cambium, and phloem) was taken from two distinct regions (i) a canker-free, or 'healthy' area and (ii) approximately 1 cm distal to the margin of cankered or 'bark reaction' areas. Healthy and canker--bark reaction samples were processed separately for each individual.
Extraction of proteins
Samples were stored in plastic bags at --20 °C for 1--2 days, then freeze-dried for 72 h, and ground in liquid nitrogen in a mortar with a pestle. Proteins were extracted from tissue as described by Ekramoddoullah (1993) . Unless stated otherwise, all procedures were performed at room temperature (22--23 °C). All chemicals used in the extraction solutions were electrophoresis purity grade. Briefly, 1 ml of extraction solution composed of 5% sucrose (Bio-Rad, Hercules, CA), 5% 2-mercaptoethanol (Sigma, St. Louis, MO) and 4% sodium dodecyl sulfate (SDS, Bio-Rad) at pH 3.8 was added to 50 mg of lyophilized, ground bark tissue and vortexed at high speed for 12--15 min. This mixture was centrifuged at 17,310 g for 15 min. The supernatant was collected, heated over boiling water for 3 min, cooled to room temperature and then purified by the addition of 1.2 ml of ice-cold acetone per 150 µl of extract. The mixture was kept at --20 °C for 1 h and the precipitated proteins were collected by centrifugation at 17,310 g for 10 min. The pellet was re-suspended in 200--250 µl (total volume) of extraction solution containing 1% nonidet (NP-40; Millipore, Toronto, Canada), pH 4.2. Dissolved extracts were heated for 3 min, centrifuged for 5--10 min, and stored at --20 °C. Extracts were concentrated with a Microcon-3 (molecular weight cutoff = 3000 Daltons) microconcentrator (Amicon Canada Ltd., Oakville, Ontario). Because of interfering reagents (i.e., SDS and 2-mercaptoethanol) and the presence of residual phenolic compounds in the extract, a 'dot blot' method using polyvinylidene difluoride (PVDF) membranes (Millipore), Coomassie Brilliant Blue R-250 (CBB) stain (Sigma), and a computer-assisted, laser-based densitometer was used to determine total protein concentration (Ekramoddoullah and Davidson 1995) .
One-dimensional gel electrophoresis
Individual protein extracts were separated on an equal protein basis by discontinuous SDS polyacrylamide gel electrophoresis (PAGE), as described by Laemmli (1970) , using a Protean 16-cm dual vertical slab gel apparatus (Bio-Rad) and a separating gel of 12% acrylamide overlaid with a 4% stacking gel. Low molecular weight protein standards (Bio-Rad) ranging from 14.4 to 97.4 kDa were run alongside the bark proteins. Electrophoresis was carried out at a constant current of 10 mA per 0.75 mm stacking gel and 15 mA per 0.75 mm separating gel using a Bio-Rad Model 3000/300 power source. To examine differences between the resistant and susceptible groups, healthy and 'canker--bark reaction' protein samples from all contrasting seedling pairs were individually loaded on a single gel (16 lanes). Gels were run in duplicate. To study variation within groups, and between healthy versus lesioned tissue, protein samples from one contrasting seedling pair were loaded in triplicate onto one gel (12 lanes).
Following electrophoresis, gels were fixed and either silver stained (Hochstrasser et al. 1988 ), or stained with CBB (Fairbanks et al. 1971) . Gel scanning was performed with the aid of a laser scanner (Molecular Dynamics, Model 110A, Sunnyvale, CA), and gels were processed with the aid of Protein +DNA ImageWare systems (PDI, Huntington Station, NY). The software program ONED (version 2.4) was used to analyze SDS-PAGE data.
Two-dimensional gel electrophoresis
Analytical two-dimensional (2-D) electrophoresis was carried out in a Millipore Investigator 2-D system. Except where mentioned, all chemicals and reagents used were obtained from Millipore. The isoelectrofocusing (IEF) gels were composed of 5.65 ml of gel solution containing 9.5 M urea, 2% NP-40, 4.1% acrylamide and 20 mM 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane-sulfonate (CHAPS, Sigma), 350 µl of 2-D optimized ampholyte solution, and 40 µl of 10% ammonium persulfate.
Electrophoresis was performed on both individual and pooled samples. In all experiments, the total protein loaded per IEF gel was 20--30 µg in a total volume of 20 µl, in a sample buffer composed of 0.1 g dithiothreitol (DTT), 0.4 g CHAPS, 5.4 g urea, 0.5 ml ampholyte solution (pH range 3--10), and 6.5 ml deionized water (Hochstrasser et al. 1988 ). Anode and cathode buffers consisted of 100 mM phosphoric acid and 100 mM NaOH, respectively. Isoelectric focusing was done for 17.5 h at a constant current of 110 mA per gel.
For the second dimension, IEF gels were extruded and equilibrated for 2 min in a buffer containing 0.3 M Tris (hydroxymethyl) aminomethane (Tris) base, 0.075 M Tris-HCl, 3% SDS, 50 mM DTT, and 0.01% bromophenol blue (BPB). The IEF gels were overlaid on 20 × 20 cm, 12.5% Duracryl™ slab gels (0.375 M Tris, pH 8.8, 0.1% SDS) and placed in an anode tank containing 10 l of pre-chilled (12 °C) electrode buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS, pH 8.8). The cathode buffer was twice the concentration of the anode buffer. Gels were run at 20 W per gel for approximately 5 h after which they were removed and fixed overnight in a 50% methanol:10% acetic acid solution. After silver staining (Morrissey 1981), gels were laser scanned and processed with the aid of PDI PDQuest computer software (version 4.0) (Garrels et al. 1984) . Spot detection and quantitation, gel matching, estimation of isoelectric point (pI) and relative molecular weight (M r ), and statistical analysis (Student's t-test, P = 0.05) of resistant and susceptible groups were performed according to the PDI instruction manual. Significant spots were subjected to a Boolean analysis (PDI instruction manual) using both Student's t-test and quantitative foldchange (in spot density) as qualifiers to narrow the choice of potential marker proteins. Candidate spots were further selected on the basis of their (i) location in the gel (for ease of future isolation), and (ii) confirmed presence in individual versus pooled protein samples (i.e., spots visibly identified in at least two out of four individuals within a group).
Western blot
Proteins separated by SDS-PAGE were transferred to PVDF membranes using a standard vertical tank (Model #EBU-100, C.B.S. Scientific Co., Delmar, CA). The transfer buffer consisted of 10% methanol in 10 mM 3-(cyclohexylamino)-1-propane sulfonic acid (CAPS), pH 11. Proteins were electroblotted for 20--22 h at a constant voltage of 50 V and a constant temperature of 4 °C. Prestained protein standards (Rainbow standards; Amersham International Plc., Buckinghamshire, U.K.) with molecular weight ranges of 14.3 to 200 kDa were run with the bark proteins.
N-Terminal amino acid sequence analysis
Following transfer to PVDF membranes, immobilized proteins were visualized by CBB staining. Bands were then cut out and placed directly on an amino acid sequencer (Matsudiara 1987) . N-Terminal sequence analysis was performed by a gas-phase microsequencer (Model 470A, Applied Biosystems, Foster City, CA) with an on-line PTH-analyzer and Model 900A system controller and data analyzer (Applied Biosystems). A basic local alignment search tool (BLAST) (Altschul et al. 1990 ) was used to determine homology with existing database sequences.
Immunodetection
Immunodetection of chitinase was performed as described by Tan and Ekramoddoullah (1991) , with a 1/750--1/500 dilution of polyclonal barley anti-chitinase (Leah et al. 1991) in Trisbuffered saline, pH 7.5, containing 1% Tween-20 and 1% gelatin.
Results
Protein extracts from individual seedlings were separated into 32 to 49 well-resolved bands by SDS-PAGE (Figure 1 ). Few consistent protein differences were observed from one seedling pair to the next; however, within seedlots there were differences between the healthy and lesioned tissues of both resistant and susceptible phenotypes. The number of unique (i.e., present in one group and absent in the other group) proteins was similar in the resistant and susceptible groups (see Table 1 ). A comparison of all four seedling pairs (in duplicate), in which 32 well-resolved bands were matched, showed that extracts from 'healthy-resistant' tissue were more protein-rich than extracts from 'healthy-susceptible' tissue. A 26-kDa protein was found almost exclusively near lesioned tissue of susceptible individuals, although a small amount was detected in healthy tissues of one resistant individual from Seedlot 2391. A protein of approximately 10.6 kDa was selectively enriched in resistant individuals. Other proteins separated by SDS-PAGE included a 25.2-kDa band expressed near lesioned tissue in three out of four susceptible individuals. A 24.0-kDa protein was selectively enhanced near lesioned tissue in all four seedling pairs, whereas expression of a 23.4-kDa protein appeared to be completely repressed near lesioned areas of susceptible individuals. A 19 kDa band corresponding to a previously described Pin m III protein ) is seen in Figure 1 . This protein was more abundant in susceptible seedlings than in resistant seedlings. Figure 2 shows representative silver stained gels of pooled proteins from resistant and susceptible groups separated by 2-D electrophoresis. The number of well-resolved spots per gel ranged from 300 to 400. From a matchset containing 842 spots, there were significant group differences (Student t-test, P = 0.05) for 146 proteins. Of these, 14 were exclusive to the resistant group, 88 were exclusive to the susceptible group, and 44 proteins were common to both groups. Of the 44 proteins common to both groups, 30 were significantly enhanced in the susceptible group. Twenty-one proteins were selected from the above-mentioned group of 146 proteins on the basis of their relative quantity and position in the gel (see Table 2 ). Of these, 16 exhibited a more than threefold quantitative difference between the resistant and susceptible groups, five were unique to the susceptible group, two were unique to the resistant group, and 14 were common to both groups. Of the 14 common proteins, seven were enhanced in the resistant group and seven were enhanced in the susceptible group. Spot 4613 (33.6 kDa, pI = 5.9) was strongly present in three seedlings within the resistant group, and weakly to moderately present in the fourth group, and in all susceptible seedlings (Figure 3 ). Spot 1208 (23.3 kDa, pI = 5.1) was strongly present in all susceptible seedlings. Other significant spots (see Table 2 ) were not consistently represented.
From a matchset containing 526 spots, a total of 81 proteins were present in significant amounts (Student's t-test) in pooled extracts taken from healthy tissues of both groups. Of these proteins, 18 were unique to the resistant group, 35 were unique to the susceptible group, and 28 were common to both groups. Twenty-four of 28 common proteins were enhanced in the resistant group. Table 3 shows 21 proteins selected from the above mentioned 81 proteins on the basis of their relative quantity and position in the gel. Five proteins were unique to the resistant group and four were unique to the susceptible group. Isolation of significant proteins was not attempted. No Figure 2 ). 'C' and 'D' are center-gel enlargements of the same. Lower case letters a, b, and c identify landmark proteins present in both resistant and susceptible groups. Arrows in 'B' point to significant proteins found in the susceptible group (from top to bottom, SSp 402, 1208 SSp 402, , 1209 . Single arrow in 'C' and 'D' points to SSp 4613, which is visually more enhanced in the resistant group than in the susceptible group. correspondence was observed between the spots identified in Tables 2 and 3 . For both healthy and near-lesioned area sample sites, unique (present in one group, absent in the other) proteins were more abundant in the susceptible group. Moreover, near-lesioned areas of the susceptible group had higher relative amounts of common proteins than the resistant group, whereas samples taken from healthy resistant tissue had higher relative amounts of shared proteins than the susceptible group.
Qualitative differences detected with barley anti-chitinase were inconsistent between susceptible and resistant individuals. For example, within Seedlot 2391, a 26 kDa immunoreactive band was strongly detected in the susceptible individuals but not in the resistant individuals, whereas within Seedlot 2398, a 35 kDa band was observed in the susceptible individuals but not in the resistant individuals. In Seedlots 2413 and 2411, 30 and 31 kDa immunoreactive bands, respectively, were observed in resistant individuals but not in susceptible individuals (see Table 4 ).
Partial N-terminal amino acid sequences of the 26 and 10.6-kDa peptides are shown in Figure 4 . Neither protein displayed significant sequence homology with other proteins found in the data bank.
Discussion
The small sample size of this study obviously limits the extent to which inferences may be made from the results obtained. Both the nature of the protein analysis and the availability of living contrasting seedling pairs (many susceptible seedlings had already died) restricted this particular sampling to eight individuals. Pooling of individual protein samples to form two groups became necessary to maximize available protein extracts and to minimize experimental variation. Moreover, limitations of the PDQuest software made it necessary to reduce the experiment size to five 'pooled' gels versus 20 'individual' gels. Significant proteins identified in pooled samples were later confirmed as 'present or absent' in at least two individuals within a group before being considered for further study.
The greater relative abundance of novel proteins in lesioned areas of susceptible versus resistant groups is consistent with host defense responses that involve selective gene-inactivation or suppression of protein biosynthesis. Rust-resistant white pine individuals may constitutively lack some of the proteins necessary for successful infection, in a manner similar to incompatible agronomic host--pathogen interactions (Van der Plank 1982) . The possibility that these proteins are fungal in origin has not been ruled out; however, proteins common to both resistant and susceptible seedlings tended to be generally enriched in lesioned areas of the susceptible group, whereas common proteins from healthy tissue were enriched in the resistant group. This further suggests that biosynthesis of selective proteins may be suppressed in the resistant group.
Many of the proteins (Tables 2 and 3) identified by 2-D electrophoresis shared similar mass and charge characteristics with known pathogenesis-related proteins. Such proteins are traditionally characterized as being of low molecular weight (i.e., less than 40 kDa), extractable at low pH, protease-resistant, and specifically induced in response to biotic and abiotic stresses (Kombrink et al. 1988, Bol and Linthorst 1990) ; however, most PR proteins remain functionally uncharacterized. Of seven different proteins ranging in weight from 17 to 42 kDa, and shown to accumulate in azuki bean leaves in response to ethylene treatment, only one protein (27 kDa) was functionally identified as an acidic chitinase (Ishige et al. 1991) .
Because of low constitutive amounts of total protein, and the phenolic contamination of our extracts, we were unable to isolate most of the significant protein bands seen in Table 1 . However, the successful partial N-terminal amino acid sequence of the 10.6 and 26.0 kDa peptides will facilitate the development of probes (antibody or nucleotide) that can be used on a larger sample. Interestingly, the 26-kDa band was found to correspond to a 26.0-kDa immunoreactive band (antichitinase) observed near lesions in a susceptible, but not in a resistant seedling from the same family (Seedlot 2391). Similar bands were present in the healthy tissue of both resistant and susceptible seedlings from Seedlots 2411 and 2398, providing circumstantial evidence that the 26-kDa band is of host origin, and is repressed in diseased tissue. The 10.6-kDa band needs to be correlated with phenotypic resistance in a sample of statistically valid size.
